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PHOTOMETER
 -  250, 350, 500 µm  (simultaneous)
 - 4 x 8 arcminute field of view
 - Diffraction limited beams(18, 25, 36”)
Fast scan mapping at long wavelengths
IMAGING FTS
  - 200 - 670 µm
 - 2.6 arcminute field of view
  - Δν = 1.2 GHz high resolution mode
 - Δν = 25 GHz low resolution mode
Wide instantaneous bandwidth, map making
DESIGN PRINCIPLES
   - 3He cooled detector arrays (0.3 K)
 - Feedhorn-coupled spider-web bolometers
  - Minimal use of mechanisms   Beam steering mirror;   FTS mirror drive
 - Optimized for scan-mapped surveys
SPECTRAL AND PHOTOMETRIC IMAGING RECEIVER
SPIRE
PACS
HIFI
             HerMES = SPIRE Instrument Team Survey
HERMES INFORMATION ON THE WEB: HERMES.SUSSEX.AC.UK  AND HERSCHEL.UCI.EDU
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•  Source Counts
250, 350, 500 µm
15%, 10%, 6%
•  P(D)
250, 350, 500 µm
65%, 60%, 45%
•  Stacking:
250, 350, 500 µm
80%, 80%, 85%
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Of course:  The remainder are the most interesting sources!
                     E.g. z > 3 galaxy populations
Resolving the Far-IR Background (FIRAS)
HERMES: DEEP GALAXY NUMBER COUNTS FROM P(D) OF SPIRE SDP OBSERVATIONS, GLENN ET AL.  2010, MNRAS 409, 109
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8 D. Brisbin et al.
Figure 3. GOODS-N galaxy SEDs plotted as in Figure 2. The 500 µm
measurements for GOODS sources A, C, E, F, H, K, and L are compatible
with zero, so here we plot only the upper error bar, barely visible within the
diamond symbol. As in Figure 2, we weighted the 24 µm data a quarter as
heavily as the longer wavelengths. Observational data shortward of 24 µm
is plotted for reference but not used in fitting.
Figure 4. Infrared source luminosities (integrated over 8-1000 µm) in
GOODS-N and LN plotted as a function of redshift for all sources detected
at all three SPIRE wavelengths. Diamonds indicate GOODS-N luminosities
obtained from SEDs fitted by S&K models, and triangles indicate similar
luminosities for LN sources. The solid line shows the growth of luminosity
distance squared with z. It serves as a rough lower bound to the luminosi-
ties in our selection of observed sources; the scatter of data points about the
curve provides a visual impression of the uncertainties in those luminosities.
Figure 5. Spectral energy distributions of the most luminous sources in
GOODS North (a) to (d) Lockman North (e) to (k). As in Figures 2 and 3,
we solely plot the upper error bars at 500 µm for sources (a) to (e), whose
lower error bars are compatible with zero. We similarly plot an upper error
bar at 170 µm for LN (k). Luminosities and positions for these sources are
presented in Table 4. Seven of these eleven sources are triply secure; two of
these are also included in Figures 2 and 3. A brief description of sources (c),
(d), (f) and (i) is provided in Section 6. Although some of the ultraluminous
sources exhibit significant AGN activity, we have applied S&K model fits,
as discussed in Section 7. As in Figures 2 and 3 we have weighted the 24 µm
data only one quarter as heavily as the longer wavelengths. Observational
data shortward of 24 µm is plotted for reference but not used in fitting.
c  2010 RAS, MNRAS 000, 2–??
HLIRGS
ULIRGS
LIRGS
(i) ULIRGS/HyLIRGS typically have about ~1010 solar masses in stars
(ii) So the time scale for star-formation is [M*/(dM*/dt)] ~ 5 to 100 Million years 
                      (star-bursting galaxies!)
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What kind of galaxies do we detect with Herschel?
Optical Universe Infrared Universe
merging disk 
galaxies
dusty, 
extreme star 
formation
massive 
early type 
galaxy
minor mergers? tidal 
infall? Merger fraction: 
evolving with z?  
increasing? 
decreasing? evolving 
with SFR?filamentary cold gas 
streams?
quasar/
x-ray AGN
models:
Dekel et al 2009, 
Dave et al 2010,
Narayanan et al 2010
data:
e.g. Daddi et al 2010,
Elbaz et al 2011, Rodighiero et al 2011,
Kartaltepe et al 2010, 2012
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What are Dusty Star Forming Galaxies?
Illustration from Caitlin casey
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What are Dusty Star Forming Galaxies?
Illustration from Caitlin casey
Redshift distribution of 
SPIRE Sources?
771 confirmed spec-z’s
(out of 1595 targets) 48% yield
Good weather only:
529 confirmed spec-z’s
(out of 924 targets) 57% yield
(~20-30 more to come, difficult abs line ID redshifts)
(LRIS sources)
DEIMOS redshift desert 1.6<z<3.2
LRIS has no redshift desert with 
current setup.
286 in COSMOS
166 in LHN
145 in EN1
122 in GOODS-N (flanking fields)
43 in CDFS
9 in the UDS
4
4Monday, March 19, 12Keck LRIS/DEIMOS followup.
z peak is around z~1 (250 micron dominated)
~1000 redshifts in the optical
14 Be´thermin et al.: Ultra deep number counts at 250, 350 and 500µm and CIB build-up.
Figure 10. Redshift distribution of the SSPIRE > 20 mJy (up-
per panel) and SSPIRE > 6 mJy (lower panel) sources at 250µm
(blue), 350µm (green), and 500µm (red).
8.2. Comparison with other measurements
Chapin et al. (2010) studied the redshift distribution of isolated
BLAST sources. Their redshift distributions cannot be
normalized by the surface area (because of the isolation
ctriterion), and the flux density cuts are diﬀerent; nevertheless,
the trends of their distributions and their evolution from 250µm
to 500µm agrees with our findings.
@DOUGLAS: I do not see any redshift distribution of
BLAST sources in Pascale et al.
Amblard et al. (2010) also produced a redshift distribution of
S 350 > 35mJy sources in H-ATLAS from aHerschel color-color
diagram and using assumptions about the FIR/sub-mm SED of
the sources. They found a strong peak at z = 2, in complete
disagreement with our distribution. This could be due to the fact
that they required a 3 σ detection at 250µm and 500µm, which
correspond to a S 250 > 21mJy and S 500 > 27mJy. The 3-σ
criterion at 500µm will tends to select high-redshift sources,
because of of the shape of the SEDs, the flux of low-z sources
decreasing rapidly between 250µm and 500 µm. The method
is also strongly dependent on the dust temperatures of the
sources assumed in their analysis, due to the complete degen-
eracy between dust temperature and redshift for thermal sources.
8.3. Comparison with the models
We compared the measured redshift distributions with the
predictions of the same models as in Sect. 7.3 (Fig. 12). Again
no model manages to reproduce accurately the redshift redshift
distributions of the bright resolved sources (S > 20mJy).
The redshift distribution of the faint sources (S > 6mJy)
Figure 11. Spatial distribution of the S250 >20 mJy sources in
COSMOS. Black dots: all redshift. Blue boxes: only sources in
the 1.85< z <1.9 range.
are globally better modeled, a broad agreement being found
with the Be´thermin et al. (2011), Gruppioni et al. (2011), and
Rahmati & van der Werf (2011) models, which are fitted using
the most recent data. The strong disagreement with the models
redshift range dN/dz (in 104× gal.sr−1)
S 250 > 20 mJy S 350 > 20 mJy S 500 > 20 mJy
0.0 < z < 0.2 212±28 106±19 30±9
0.2 < z < 0.4 498±57 110±18 10±4
0.4 < z < 0.6 323±39 96±16 32±10
0.6 < z < 0.8 386±59 152±25 28±12
0.8 < z < 1.0 380±58 176±32 29±12
1.0 < z < 1.2 358±54 251±52 41±16
1.2 < z < 1.4 249±50 178±56 63±30
1.4 < z < 1.6 152±31 160±56 36±16
1.6 < z < 1.8 99±23 101±37 17±8
1.8 < z < 2.0 196±45 196±70 69±29
2.0 < z < 2.2 95±24 98±37 63±26
2.2 < z < 2.4 120±32 116±44 45±18
2.4 < z < 2.6 74±21 65±26 37±15
2.6 < z < 2.8 98±29 133±51 74±27
2.8 < z < 3.0 51±16 81±33 30±12
S 250 > 6 mJy S 350 > 6 mJy S 500 > 6 mJy
0.0 < z < 0.2 667±76 428±71 145±66
0.2 < z < 0.5 1713±236 793±176 129±107
0.5 < z < 0.8 1865±277 1090±213 269±184
0.8 < z < 1.0 2346±500 1821±417 707±339
1.0 < z < 1.5 1493±183 1316±262 555±174
1.5 < z < 2.0 832±216 807±206 471±149
2.0 < z < 3.0 477±88 531±101 314±76
z > 3.0 11±1 11±1 9±1
Table 5. Redshift distribution of the SPIRE sources in
COSMOS for various flux density cuts at the three SPIRE wave-
lengths.
Caitlin Casey et al. 2012
(UCI postdoc; UT Austin 
faculty from fall 2015)
Bethermin et al. 2012Redshift gap; z > 1.5 highly incomplete.
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z = 6.34 Dusty Starburst Galaxy in HerMES
Riechers, D. et al. Nature 2013; Cooray et al. 2014
250 um         350 um          500 um        *
500 um peaked sources S250 < S350 < S500:  z > 4?
250 um   350 um   500 um        *
*Confusion reduced S(500) – fS(250)
These could be: 
z = 1.5, Tdust = 20 K ULIRGs or 
z = 5, Tdust = 35 K HLIRGs…
3
Figure 1. Left: The three-color image using HST/ACS combined F625W and F814W (blue), HST/WFC3 combined F160W, F125W and F105, and Keck/NIRC-
2 Ks-band LGS-AO (red) images. Note the clear detection of two galaxies close to HFLS3 shown here in terms of the IRAM/PdBI 1.1 mm (rest-frame 158
µm) emission. The r.m.s. uncertainty in the PdBI A-array configuration data is 180 µJy beam−1 and the contours are shown in steps of 3σ starting at 5σ. The
instrumental beam is shown to the bottom right with FWHM of 0.35′′ × 0.23′′. Right: The three-color GALFIT residual map where we remove models for the
HST/ACS-detected galaxies in HST/WFC3. Here we show the combination of ACS/F625W+F814W (blue), WFC3/F105W (green) and WFC3/F160W (red).
Both G1 and G2 are detected in the combined ACS/F625W and F814W stack, consistent with the scenario that both G1 and G2 are at z < 6 and G2 is not the
optical counterpart of HFLS3, as was previously assumed. We find a marginal detection of rest-UV emission at the location of HFLS3 (labeled R2) and a higher
significance diffuse emission 0.′′5 to the South-West of HFLS3 (labeled R1). We use WFC3 fluxes and ACS upper limits of R2 for combined SED modeling of
HFLS3 with far-IR/sub-mm flux densities. We detemine a photometric redshift for R1 and find it to be consistent with emission from either a galaxy at z ∼ 6 or
a dusty galaxy at z ∼ 2.
Figure 2. Spitzer/IRAC 3.6 µm image from Riechers et al. (2013) showing
a detected source. The contours on the intensity scale show the region of G1
and G2 (blue) and R1 and R2 (red). IRAC ∼ 2′′ PSF is marked with a white
circle.
detected galaxies near HFLS3 and to see if there is any ex-
cess emission in WFC3 data relative to the ACS images. Us-
ing GALFIT on the individualHubble/ACS and WFC3 frames
proved to be difficult because the output models tend to over-
fit regions of low signal in which HFLS3 is expected to re-
side. To remedy this, we stacked the HST/ACS in two bands
to increase the signal-to-noise ratio and to model the fore-
ground galaxies in the combined F625W and F814W images.
Under the assumption that the stacked model best represents
the two foreground galaxies, we then subtracted the stacked
model from individual HST/ACS and WFC3 frames, with the
flux density at each wavelength allowed to vary as an over-
all normalization in GALFIT models. Any excess in WFC3
relative to ACS would suggest the presence of detectable rest-
UV emission from HFLS3. As shown in Fig. 1 (right panel)
we find excess emission primarily 0.′′5 to the South-West of
HFLS3 (labeled R1). We also find some marginal evidence
for excess emission near the 1.1-mm peak (labeled R2), with
detection levels between 2.5 to 3.2σ. In Table 1 we summarize
GALFIT and other intrinsic properties of the two foreground
galaxies G1 and G2 as well as the residual emission R1 and
R2, with R2 emission assumed to be from HFLS3. We also
use the latter for a combined UV to far-IR SEDmodeling with
MAGPHYS (da Cunha et al. 2008). We also model the SED of
R2 to determine its photometric redshift and address its asso-
ciation with HFLS3.
4. LENS MODELING
We use the publicly available software GRAVLENS (Keeton
2001) to generate the lens model. As the background
source is not multiply-imaged, and remains undetected in the
rest-frame optical, we simply model the highest resolution
IRAM/PdBI 1.1-mm continuum emission map. This map
is currently our highest resolution view of HFLS3, and the
source is resolved in these data. The magnification factor we
determine here with lens modeling is the value for the mm-
wave continuum emission. It could be that HFLS3 will be
subject to differential magnification, with different emission
components within the galaxy subject to different magnifica-
tion factors (e.g, Serjeant 2012; Hezaveh et al. 2012). This
is especially true if the different components associated with
HFLS, such as dust, gas, and stellar mass, have peak intensiti-
ties that are offset from each other, as in the case of a complex
merging galaxy system.
To simplify the lens modeling, we use singular isothermal
ellipsoidal (SIE) models to fit for the Einstein radius and po-
sitions of the two lens galaxies. The position angles and ellip-
ticities for G1 and G2 are fixed to the values derived from pro-
file fitting using GALFIT, but their masses are allowed to vary
HST WFC3+ACS
IRAM 1.1mm
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Weakly lensed by two z=2.1 
galaxies with magnification 
1.6 +/- 0.3
z = 6.34 Dusty Starburst Galaxy in HerMES
Riechers, D. et al. Nature 2013; Cooray et al. 2014
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Figure 1. Left: The three-color image using HST/ACS combined F625W and F814W (blue), HST/WFC3 combined F160W, F125W and F105, and Keck/NIRC-
2 Ks-band LGS-AO (red) images. Note the clear detection of two galaxies close to HFLS3 shown here in terms of the IRAM/PdBI 1.1 mm (rest-frame 158
µm) emission. The r.m.s. uncertainty in the PdBI A-array configuration data is 180 µJy beam−1 and the contours are shown in steps of 3σ starting at 5σ. The
instrumental beam is shown to the bottom right with FWHM of 0.35′′ × 0.23′′. Right: The three-color GALFIT residual map where we remove models for the
HST/ACS-detected galaxies in HST/WFC3. Here we show the combination of ACS/F625W+F814W (blue), WFC3/F105W (green) and WFC3/F160W (red).
Both G1 and G2 are detected in the combined ACS/F625W and F814W stack, consistent with the scenario that both G1 and G2 are at z < 6 and G2 is not the
optical counterpart of HFLS3, as was previously assumed. We find a marginal detection of rest-UV emission at the location of HFLS3 (labeled R2) and a higher
significance diffuse emission 0.′′5 to the South-West of HFLS3 (labeled R1). We use WFC3 fluxes and ACS upper limits of R2 for combined SED modeling of
HFLS3 with far-IR/sub-mm flux densities. We detemine a photometric redshift for R1 and find it to be consistent with emission from either a galaxy at z ∼ 6 or
a dusty galaxy at z ∼ 2.
Figure 2. Spitzer/IRAC 3.6 µm image from Riechers et al. (2013) showing
a detected source. The contours on the intensity scale show the region of G1
and G2 (blue) and R1 and R2 (red). IRAC ∼ 2′′ PSF is marked with a white
circle.
detected galaxies near HFLS3 and to see if there is any ex-
cess emission in WFC3 data relative to the ACS images. Us-
ing GALFIT on the individualHubble/ACS and WFC3 frames
proved to be difficult because the output models tend to over-
fit regions of low signal in which HFLS3 is expected to re-
side. To remedy this, we stacked the HST/ACS in two bands
to increase the signal-to-noise ratio and to model the fore-
ground galaxies in the combined F625W and F814W images.
Under the assumption that the stacked model best represents
the two foreground galaxies, we then subtracted the stacked
model from individual HST/ACS and WFC3 frames, with the
flux density at each wavelength allowed to vary as an over-
all normalization in GALFIT models. Any excess in WFC3
relative to ACS would suggest the presence of detectable rest-
UV emission from HFLS3. As sh wn in Fig. 1 (right panel)
we find excess emission primarily 0.′′5 to the South-West of
HFLS3 (labeled R1). We also find some marginal evidence
for excess emission near the 1.1-mm peak (labeled R2), with
detection levels between 2.5 to 3.2σ. In Table 1 we summarize
GALFIT and other intrinsic properties of the two foreground
galaxies G1 and G2 as well as the residual emission R1 and
R2, with R2 emission assumed to be from HFLS3. We also
use the latter for a combined UV to far-IR SEDmodeling with
MAGPHYS (da Cunha et al. 2008). We also model the SED of
R2 to determine its photometric redshift and address its asso-
ciation with HFLS3.
4. LENS MODELING
We use the publicly available software GRAVLENS (Keeton
2001) to generate the lens model. As the background
source is not multiply-imaged, and remains undetected in the
rest-frame optical, we simply model the highest resolution
IRAM/PdBI 1.1-mm continuum emission map. This map
is currently our highest resolution view of HFLS3, and the
source is resolved in these data. The magnification factor we
determine here with lens modeling is the value for the mm-
wave continuum emission. It could be that HFLS3 will be
subject to differential magnification, with different emission
components within the galaxy subject to different magnifica-
tion factors (e.g, Serjeant 2012; Hezaveh et al. 2012). This
is especially true if the different components associated with
HFLS, such as dust, gas, and stellar mass, have peak intensiti-
ties that are offset from each other, as in the case of a complex
merging galaxy system.
To simplify the lens modeling, we use singular isothermal
ellipsoidal (SIE) models to fit for the Einstein radius and po-
sitions of the two lens galaxies. The position angles and ellip-
ticities for G1 and G2 are fixed to the values derived from pro-
file fitting using GALFIT, but their masses are allowed to vary
LFIR = 6X1012 L⊙
SFR ~ 1300 M⊙/yr
TDUST = 5 ± 0 K
No evidenc  for a q asar/massive AGN!
MDUST > 109 M⊙
MSTARS ~ 5X1010 M⊙
MGAS ~ 1011 M⊙
z=2.1
z=6.3
3
Figure 1. Left: The three-color image using HST/ACS combined F625W and F814W (blue), HST/WFC3-IR combined F160W, F125W and F105W, and
Keck/NIRC-2 Ks-band LGS-AO (red) images. Note the clear detection of two galaxies close to HFLS3 shown here in terms of the IRAM/PdBI 1.1 mm (rest-
frame 158 µm) emission. The r.m.s. uncertainty in the PdBI A-array configuration data is 180 µJy beam−1 and the contours are shown in steps of 3σ starting at
5σ. The instrumental beam is shown to the bottom right with FWHM of 0.35′′ × 0.23′′. Right: The three-color GALFIT residual map where we remove models
for the HST/ACS-detected galaxies in HST/WFC3. Here we show the combination of ACS/F625W+F814W (blue), WFC3/F105W (green) and WFC3/F160W
(red). Both G1 and G2 are detected in the combined ACS/F625W and F814W stack, consistent with the scenario that both G1 and G2 are at z < 6 and G2 is not
the least obscured region, or the rest-frame optical counterpart, of HFLS3, as was previously assumed. We find a marginal detection of rest-UV emission at the
location of HFLS3 (labeled R2) and a higher significance diffuse emission 0.′′5 to the South-West of HFLS3 (labeled R1). We use WFC3 fluxes and ACS upper
limits of R2 for combined SED modeling of HFLS3 with far-IR/sub-mm flux densities. We detemine a photometric redshift for R1 and find it to be consistent
with emission from either a galaxy at z ∼ 6 or a dusty galaxy at z ∼ 2.
IRAF.STSDAS pipeline for flat-fielding and cosmic-ray re-
jection. Individual exposures in each of the filters were com-
bined with ASTRODRIZZLE (Fruchter & et al. 2010) and we
produced images at a pixel scale of 0.′′06 from the native scale
of 0.′′13 per pixel. For flux calibration we made use of the
latest zero-points from STScI, with values of 26.27, 26.26
and 25.96 in F105W, F125W and F160W, respectively. Simi-
larly,Hubble/ACS imaging data were flat-fielded, cosmic ray-
rejected and charge transfer efficiency (CTE)-corrected with
the pipeline CALACS (version 2012.2). Exposures were
remapped with ASTRODRIZZLE to a pixel scale of 0.′′03. The
ACS zero points used from an online tool are 25.94 and 25.89
for F814W and F625W, respectively.
The final Hubble mosaics were astrometrically calibrated
to the wider SDSS frame with an overall rms uncertainty, rel-
ative to SDSS, of less than 0.05′′. This astrometric calibra-
tion involved more than 60 galaxies and stars. The previous
Keck/NIRC2 imaging data, due to the limited field of view
of 40′′ in the highest resolution NIRC2 imaging data used for
LGS/AO observa ions, had large astrometric rrors as a trom-
etry was determined based on two bright sources that were
also detected in 2MASS. Once the HST frames are calibrated,
we fixed the astrometry of Keck/NIRC2 image with close to
10 fainter sources detected in both WFC3 and NIRC2 images.
This astrometric recalibration resulted in a small (0.′′1) shift
to the optical sources relative to the peak PdBI/1.1 mm emis-
sion from HFLS3, as can be seen by comparing Figure 1 here
with Figure 3 of Riechers et al. (2013). There is still an over-
all systematic uncertainty in the relative astrometry between
IRAM/PdBI image and Hubble/Keck images of about 0.′′1,
with this value possibly as high as 0.′′3 in an extremely un-
likely scenario. We account for such a systematic offset in the
lens model by allowing the peak 1.1-mm flux to have an offset
from the two lens galaxies with a value as high as 0.′′3.
As shown in Figure 1 (left panel), we detect optical emis-
sion frommore than one galaxy near HFLS3 (galaxies labeled
G1 and G2). This is similar to what was previously reported
with Keck/NIRC2 LGS-AO imaging data, with the southern
component (G2) taken to be the rest-frame optical counter-
part to HFLS3 (Riechers et al. 2013). If this assumption is
correct we expect the southern component to be invisible in
the shortest wavelength images, as it is a Lyman drop-out at
wavelengths shorter than 8900 A˚. Here, however, we have
detected both galaxies in Hubble/ACS images, establishing
that G2 is a galaxy at z < 5. Since these Hubble observa-
tions, we have reanalyzed the Keck/LRIS spectrum shown in
Riechers et al. (2013) with z = 2.1 CIV (1549 A˚) and OIII]
(1661, 1666A˚) emission lines within 1′′ of HFLS3. We now
find some marginal evidence that this emission is extended,
consistent with the scenario that more than one galaxy may
be contributing to the emission lines. A further confirmation
of the redshift of G2 will require additional spectroscopic ob-
servations or UV imaging data where z ∼ 2 galaxies would
be Lyman dropouts. For simplicity, hereafter, we assume that
both G1 and G2 are at the same redshift of 2.1. The SED
modeling we discuss later is consistent with this assumption.
3. REST-FRAME UV FLUXES OF HFLS3
We use the publicly available software GALFIT (Peng et al.
2002) to model the surface brightness profiles of Hubble-
detected galaxies near HFLS3 and to see if there is any ex-
cess emission in WFC3 data relative to the ACS images. Us-
ing GALFIT on the individualHubble/ACS and WFC3 frames
proved to be difficult because the output models tend to over-
fit regions of low signal in which HFLS3 is expected to re-
side. To re edy this, we stacked the HST/ACS in two bands
to increase the signal-to-noise ratio and to model the fore-
ground galaxies in the combined F625W and F814W images.
Under the assumption that the stacked model best represents
the two foreground galaxies, we then subtracted the stacked
model from individual HST/ CS and WFC3 frames, with the
flux density at each wavelength allowed to vary as an overall
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Other “red” galaxies in Herschel
Dowell et al. 2013 ApJ
Figure 35: Spire color ratios for candidate z > 4 DSFGs in Dowell et al. (2013) (black dots) with confirmed sources shown as red diamonds,
including the highest redshift Herschel-selected SMG HFLS3 at z = 6.34. SED tracks based on Arp 220 and the Cosmic Eyelash (Swinbank et al.,
2010) are shown for comparison. They gray dashed lines are the selection from Dowell et al. (2013). The figure is a modified version of the same
figure published in Dowell et al. (2013); its reproduction here is done with permission of the authors and AAS.
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Fig. 7.— GTC observations of galaxies near FLS 1. The left panel shows a GTC z-band
image of the field around a high redshift galaxy discovered during the long-slit observations
of FLS 1. The spectra of two galaxies overlap in the long-slit spectrum. The slit is shown by
the horizontal lines, and the circled galaxy on the right was used to align the slit. The middle
panel shows the 2D GTC OSIRIS spectrum of the z = 0.415 galaxy showing emission lines
of Hβ and [O III] 4959, 5007 A˚, and the right panel the spectrum of the z = 4.287 galaxy
showing narrow Lyα emission. FLS 1 is 30′′ outside the frame of the z-band image.
Fig. 8.— Modified blackbody dust SED fits to sources with known redshifts, as described in
§4.7. The displayed uncertainties include calibration and confusion noise.
Are all Herschel-det cted 
z >4 galaxie  weakly 
lensed?
SPT (Vieira et al. 2013) finds z > 3 bright strongly lensed (mag> 5) galaxies at 1.4mm
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Blain (1996), Negrello et al. (2007), Wardlow et al. (2012)
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• Lensing: Flux boosted (magnified) 
• Can study fainter objects than usually available.
• Can study spatial distribution of gas, dust, stars at higher resolution than with 
normal galaxies at the same distances.
The Nature of Brightest high-z Herschel Galaxies
Negrello et al. 2010 Science; Wardlow et al. 2012, ApJ; Bussman et al. 2012 ApJ 
Julie Wardlow et al. 2012, ApJ  
(former UCI postdoc; now at DARK) 
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Extensive Ground-based Follow-up Observations
SMA JVLAKeck
GBT CARMA CSO
Source CO Redshift
High-Resolution Imaging
Asantha Cooray, UC Irvine                                                                                                                                                 Minnesota CMB January 2015
Keck LGS-AO Imaging (~15+ nights) + HST SNAPsFigure 5: Herschel-selected bright, gravitationally lensed SMGs confirmed by Keck adaptive op-tics 2.1 µm or HST/WFC3 1.1 µm images (Calanog et al. 2013 in prep). Tick marks are separated
in intervals of 100 in all panels. See Fig. 6 for the lens model of G12v2.30.
Figure 6: Lens modeling reveals a highly structured galaxy in the source plane of G12v2.30 at
z = 3.26 (Fu et al. [48]). (a) Observed K-band image with the foreground lenses subtracted. (b)
Lens model. Critical curves are in red and caustics are in blue. The box delineates the on-sky area
covered by the source-plane image in panel (d). (c) Residual image. (d) Parameterized source mor-
phology (grey scale) and a direct inversion of the observed image (red contours). For comparison,
we also show the distributions of the molecular gas (green) and starburst-heated dust (purple) from
JVLA CO J = 1!0 and SMA 880-µm observations.
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Calanong et al. 2014
Jae Calanog
UCI PhD 2014
Faculty Mesa
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H-ATLAS 
250-500 μmPlanck 550 μm
S550 = 1.07 ± 0.12 JY
S350 = 1.1 ± 0.2 JY
(brightest source)
S250 = 320 ± 20 mJy
S350 = 380 ± 60 mJy
S500 = 300 ± 20 mJy
CARMA
ZCO = 3.26
A lensed Planck source resolved by Herschel (in ATLAS)
Fu, Hai et al. 2012, ApJ 
z=3.26 Highest redshift Planck point source
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Differential Magnification:
μ(Stars) ≈ 17, μ(Dust) ≈ 8, μ(Gas) ≈ 7
Hai Fu et al. 2012, ApJ (former UCI postdoc; U. of Iowa faculty) 
1 ARCSEC
Gas-rich (70% of baryons in gas)
Young (MSTARS/SFR~20 Myr)
Short Star-burst (MGAS/SFR~40 Myr)
LFIR = 1.6 X1013 L⊙
SFR ~ 1900 M⊙/yr
TDUST = 62 ± 3 K
No evidence for AGN 
MDUST = 6 X108 M⊙
MSTARS = 3 X1010 M⊙
MGAS = 7 X1010 M⊙
MDYNAMICAL = 3 X1011 M⊙
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Second Herschel Lensed Source in Planck
z=1.68, determined from the Herschel-SPIRE/FTS
spectrum detecting the 158 micron CII line
                      George et al. 2014
H-ATLAS: 650 sq. degrees. ~2 lensed Planck ERCSC
sources. One in HerMES over 370 sq. degrees.
Starbursting knot in a 
spiral galaxy. Disk is mostly
an old stellar population.
Far-infrared spect oscopy of a lensed starburst 3
Table 1. Continuum flux densities.
Wavelength Sν Notes
100 µm 41± 4a mJy Herschel PACS
160 µm 180± 14a mJy Herschel PACS
250 µm 347± 25b mJy Herschel SPIRE
350 µm 378± 28b mJy Herschel SPIRE
500 µm 268± 21b mJy Herschel SPIRE
870 µm 30.2± 5.2 mJy SMA
2 mm 1.2± 0.1 mJy IRAM PdBI
3.5 mm 200± 170 µJy CARMA
4.3 cm 350± 30 µJy VLA
21 cm 1.95± 0.24 mJy VLA (FIRST)
a Errors include 3- and 5-per-cent calibration uncertainties
at 100- and 160-µm, respectively.
b Errors include the contribution due to confusion and a 7-
per-cent calibration uncertainty has been added in quadra-
ture (Valiante et al., in preparation).
Figure 2. Far-IR-through-radio SED of HATLASJ132427, with the best-fit
synchrotron and power-law temperature distribution dust model shown in
black. The FTS spectrum is shown in blue. Inset: 15-arcmin × 15-arcmin
false-colour image of HATLAS J132427 in the threeHerschel SPIRE filters.
galaxies, this line is likely to be the most significant; indeed, it is
often the only transition detected (e.g. Ivison et al. 2010b).
The SPIRE FTS spectrum of HATLAS J132427, shown in
Fig. 3, displays a 7.5σ marginally resolved (1.2GHz spectral reso-
lution) emission line at (709.9±0.4)GHz. Attributing this to [C II]
indicates a redshift, z = 1.677 ± 0.001. No other lines were de-
tected, with 3σ < 200, 230, 150, 600 Jy km s−1 for [O III] 88µm,
[N II] 122µm, [O I] 145µm, and [N II] 205µm respectively, mean-
ing that this redshift remained tentative at this point.
4.2 Redshift confirmation via CO
To verify the SPIRE FTS redshift determination, we used the
Combined Array for Research in Millimeter-wave Astronomy
(CARMA) to search for the CO J = 2 → 1 line (νrest =
230.538GHz), which should be redshifted to approximately νobs =
86.0GHz for z = 1.68. Observations were carried out using
the 3-mm receivers during 2012 November 23 in D configuration
(11–146m baselines), with 2.3 hr spent on source. The blazars,
1310+323 and 0927+390, were used for complex gain calibration
and to derive the bandpass shape. Absolute flux densities should be
Figure 3. The continuum-subtracted Herschel SPIRE FTS spectrum. No
other features correspond to expected transition lines. Inset: Zoomed in on
the region indicated by the red line in the parent plot. Velocity scale corre-
sponds to [C II] at z = 1.676. The best-fit sinc profile is overlaid in red.
Figure 4. CO J=2→1 spectrum from CARMA, binned to 20.8MHz, with
the CO J =3→ 2 IRAM PdBI spectrum shown in red, binned to 40MHz
and put on the same brightness temperature (Tb) scale.
accurate to within ∼ 15 per cent. We obtained an 8σ detection of
line emission, close to the expected frequency – see Fig. 4 – thus
confirming the redshift, with z = 1.676 ± 0.001. The 34.8GHz
GBT line is therefore presumably spurious.
We also imaged the source in CO J = 3→ 2 with the IRAM
PdBI, also during 2012 November. We obtained 1.1 hr of integra-
tion time, using all six of the 15-m antennas, this time in D con-
figuration – the most compact. The observing frequency was set
to 129.028 GHz, corresponding to the redshifted frequency of CO
J=3→2 (νrest = 345.796GHz) for z = 1.68. Again, we found a
bright 3σ emission line at the expected frequency, (Fig. 4).
The two line profiles are consistent with one another; neither
can be described well with a single Gaussian, suggesting that their
shape is due to either a merger or a rotating, gas-rich disk (e.g.
Engel et al. 2010; Ivison et al. 2013). The line width (deduced from
fits using a single Gaussian), (500±140) km s−1 FWHM, is typical
of those seen for DSFGs (Greve et al. 2005).
5 DISCUSSION
Characterisation of the dust emission of HATLAS J132427 was
performed by fitting the power-law dust temperature model of
Kova´cs et al. (2010) to the continuum flux densities detailed in Ta-
ble 1. Derived quantities are detailed in Table 2.
c⃝ 0000 RAS, MNRAS 000, 000–000
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Amblard et al. 2011, Nature; Thacker et al. 2013
Cosmic Infrared Background Fluctuations with SPIRE
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Amblard et al. 2011, Nature; Thacker et al. 2013
Cosmic Infrared Background Fluctuations with SPIRE
 Alex Amblard (former UCI postdoc; NASA Ames Staff) 
A power-law template is not a good approximation for CIB power spectrum (c.f. Addison et al. 12)
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Amblard et al. 2011, Nature; Thacker et al. 2013
Cosmic Infrared Background Fluctuations with SPIRE
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Fig. 12.— The cosmic density of dust Ωdust vs redshift as determined from the CFIRB power spectra from H-ATLAS GAMA-15 field
(shaded region). The thickness of the region corresponds to the 1 − σ ranges of the halo model parameter uncertainties as determined by
MCMC fits to the data (Table 1). We also compare our estimate to previous measurements in the literature. The measurements labeled
H-ATLAS dust mass function are from the low-redshift dust mass function measurements in Dunne et al. (2011). The other estimates are
based on extinction measurements from the SDSS (e.g., Me´nard et al. 2010, 2012; Fukugita 2011; Fukugita & Peebles 2004) and 2dF (e.g.,
Driver et al. 2007).
values. At z = 1, as show in Fig. 7, for LIR > 109
L⊙ galaxies, the HOD drops quickly for masses smaller
than log(Mmin/M⊙) ≃ 10.7 and the high-mass end has
a power-law behavior with a slope ∼ 1. By design, this
halo model based on CLFs has the advantage that it does
not lead to unphysical situations with power-law slopes
for the HOD greater than one as found by Amblard et
al. (2011).
Both the HOD and the underlying luminosity-mass
relations are consistent with De Bernardis & Cooray
(2012), where a similar model was used to reinterpret
Amblard et al. (2011) anisotropy measurement. The key
diﬀerence between the work of De Bernardis & Cooray
(2012) and the work here is that we introduce a dust
SED to model-fit power spectra measurements in the
three wavebands of SPIRE, while in earlier work only
250µm measurements were used for the model fit. For
comparison with recent model descriptions of the CFIRB
power spectrum, we also calculate the eﬀective halo mass
scale given by
Meﬀ =
∫
dMnh(M)M
NT (M)
ng
. (21)
With this definition we findMeﬀ = 3.2×1012 Msun at z =
2, consistent with the eﬀective mass scales of Shang et al.
(2011) and De Bernardis & Cooray (2012) of Meﬀ ∼ 4×
1012 and slightly lower than the value of ∼ 5× 1012 from
Xia et al. (2012).
The MCMC fits to the CFIRB power spectrum data
show that the charicteristic mass scale M0l evolves with
redshift as (1 + z)−2.9±0.4. In order to compare this
with existing models, we convert this evolution in the
charachteristic mass scale to an evolution of the L(M, z)
relation. As L(M) ∝ (M/M0l)−αl , we find L(M, z) ∝
Mαl (1 + z)
−pMαl . Using the best-fit values, we find
L(M, z) ∝M0.70±0.05(1+z)2.0±0.4. In Lapi et al. (2011),
their equation 9 with the SFR as a measure of the IR lu-
minosity, this relation is expected to be M(1 + z)2.1. In
Dekel et al. (2009), the expectation is M1.15(1 + z)2.25.
While we find a lower value for the power-law depen-
dence on the halo mass with IR luminosity, the redshift
evolution is consistent with both these models.
To test the overall consistency of our model relative to
existing observations at the bright-end, in Fig. 8, we com-
pare the predicted luminosity functions 250 µm-selected
galaxies in several redshift bins with existing measure-
ments in the literature from Eales et al. (2010) and Lapi
et al. (2011). The former relies on the spectroscopic
redshifts in GOODS fields while the latter makes use of
photometric redshifts. We find the overall agreement to
be adequate given the uncertainties in the angular power
spectrum and the resulting parameter uncertainties of
the halo model. In future, the overall modeling could
be improved with a joint-fit to both the angular power
Cosmic Infrared Background Fluctuations = Dust Content
Cameron Thacker
UCI PhD 2015
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Relation to CMB Experiments
Planck 2013
No longer a 
Planck-Herschel mismatch 
(Planck/FIRAS mis-
recalibration in 2013)
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Relation to CMB Experiments
Best-fit sub-mm galaxy-clustering term
Secondary CMB anisotropies: sub-dominant relative to unresolved galaxies
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Relation to CMB Experiments
Unresolved sub-mm galaxy fluctuations dominate arcminute scale CMB at > 200 GHz
Challenge to cleanly detect kSZ, Reionization signals (OV, inhomogemous reionize).
Multi-freq even at small scales if secondary signals are an important science goal.
unlensed CMB lensed CMB
difference LSS responsible
Joint studies with CMB: Search for large-scale structure responsible 
for lensing the CMB
Joint Studies with CMB
sub-mm galaxies
150 GHz
SMGs are better correlated with CMB 
lensing than optical surveys. SMG-
wide survey can identify structure that 
is responsible for lensing of the CMB.
[Clear from tons of CIB X CMB-
lensing papers over the last three 
years]
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CMB lensing-CIB predictions: 
Song, Cooray, Knox & 
Zaldarriaga 2003
z~2 ISW 
with Planck+Sub-mm 
wide
A strong probe of
modified gravity 
theories for acceleration
(need > 1000 sq. degs)
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Non-Gaussianity
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Atomic and Molecular Lines as a Probe of Reionization
CO probe based on
Yan Gong, Asantha Cooray, Marta Silva, Mario Santos, Philip Lubin
Probing Reionization with Intensity Mapping of Molecular and Fine 
Structure Lines
Astrophysical Journal Letters, 728, L46-L51 (2011).
(see also Chris Carilli, arxiv.org:1102.0745; Lidz et al. arxiv.org:1104.4800)
CII probe based on
Yan Gong, Asantha Cooray, Marta Silva, Mario Santos, Jamie Bock, Matt Bradford, Mike 
Zemcov
Intensity Mapping of the [CII] Fine Structure Line During The Epoch of 
Reionization
ApJ 2011, arxiv.org:1107.3553
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Title Here
Simulated Sky in [CII]
[CII] Exp ctations
•  [CII] serves as a tracer of star formation
•  The clustering signal traces total luminosity
        ->  unlike a flux-limited galaxy survey
•  Use [CII] to spatially trace SF during the reionization epoch
Gong, Cooray et al. 2012, ApJ 745, 49G
Yan Gong 
UCI postdoc 
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TIME: Tomographic Ionized-Carbon Mapping Experiment
Caltech Keck Institute funds + NSF-ATI proposal pending for full construction
going to JCMT through Taiwan time
[CII] Line Tomography with TIME-Pilot Bock
Table 2: TIME-Pilot Experiment Parameters
Number of spectrometers 32: 16 each pol, grid diplexed
Number of 150 GHz photometers 16, spectrally diplexed
Total # of detectors 1840: TES bolometers with SQUID MUX
Instantaneous FOV 11 arcmin × 0.35 arcmin (@ spectrometer mid-band)
Cryostat, base temperature Existing 4K / 1K system with 3He cooler at 250 mK.
C+ Survey volume (comoving) 153 Mpc × 0.85 Mpc × 1240 Mpc deep
C+ Survey on-sky integration time 240 hours, estimated
kSZ δvpec sensitivity ±500 km s−1 per beam in 8 hours
Instrument Parameters
Parameter Photometers Grating LF Band Grating HF Band
Spectral range [GHz] 135− 165 183− 230 230− 326
Estimated end-to-end optical eﬃciency 0.3 0.3 0.3
# of Bolometers per sub-band 1 24 (8×3) 36 (12×3)
Atmospheric PWV monitor channels 10: 183− 199 GHz 6: 305− 326 GHz
ν/δν per detector 5 92− 122 90− 120
NEI on sky per detector [(MJy/sr)
√
sec] 0.3 3.3− 4.0 5.3− 8.3
NEFD on sky per detector [mJy
√
sec] 6 37− 44 42− 56
TES Bolometer Parameters
TES safety factor (= Pelec / Popt) 3 3–5 5–8
Detector + MUX NEP [10−18WHz−1/2] 40 9.7 13
Photon NEP [10−18WHz−1/2] 60 14− 17 16− 24
Absorber size [mm] φ 4.0 3.0 × 3.48 3.0 × 2.32
wide-field spatial coverage. The spectral bandwidth is provided naturally with our spectrometer,
and the spatial coverage is provided by a 180×1 beams = 1.0◦ × 0.35′ line scan, which optimizes
the S/N on the [CII] clustering amplitude.
4.2 Spectrometer Architecture Instantaneous wide-band spectral coverage with background-
limited sensitivity requires a grating-type spectrometer or filterbank as opposed to an FTS or
Fabry-Perot. Millimeter-wave gratings once presented a technological challenge, since conventional
echelle grating approaches spectrometers are too large and bulky when scaled up. However, we
have pioneered a unique approach using a curved grating in parallel-plate waveguide which both
focuses and diﬀracts the broadband light from a single waveguide mode (e.g. from a feedhorn) to a
detector array [79, 80]. This approach dramatically decreases the total volume of the spectrometer;
it has been used in Z-Spec at R=250, a single-beam predecessor to TIME-Pilot, and in R=700
prototypes developed for 190–310µm space and balloon applications (see Fig. 6).
Each spectrometer is a simple machined, bolted aluminum assembly, requiring global tolerances
of λ/10, a straightforward ∼ 100µm for our application, and low surface roughness on the waveg-
uide plates, obtained by lapping. We note that in these previous applications, we have already
demonstrated operation with higher resolving power and/or tighter tolerances than required for
TIME-Pilot. We have developed a preliminary design for the TIME-Pilot grating shown in Fig. 6.
It has 190 facets and provides resolving power of the 140–200, ensuring that detector sampling
exceeds the resolving power, and the longest dimension is 31 cm. The output arc is approximated
by 6 linear facets, so that when the spectrometers are stacked in the two groups of 16, each stack
creates 6 planes, each 2 cm×14 cm on which the 2-D detector arrays are mounted.
The waveguide gratings couple to the incoming radiation by means of multi-flare-angle, direct
drilled feedhorns [81]. The full horn array is manufactured with a single custom-ground tool. Our
group has successfully manufactured and demonstrated an array of similar horns, and measure-
ments show excellent eﬃciency over the full frequency range (return losses S11 < −20 dB from
192−305GHz). We have chosen to illuminate the telescope with a 10dB edge taper, which balances
the desire to both couple to the sky with the best eﬃciency per beam, and to pack a large number of
horns into the fixed field of view. With this optimized horn size, we can fit a 1× 16 array of beams
9
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TIME: Tomographic Ionized-Carbon Mapping Experiment
Caltech / JPL 
● Jamie Bock
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● Zak Staniszewski
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● Corwin Shiu
● Jonathon Hunacek
TIME Team
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● Yan Gong
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Title HereTIME-Full [CII] Sensitivity Predictions
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Title Here
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in
[CII] and 21 cm Cross-Correlation
• Star formation rate vs. z
• Ionization state vs. z
• Bubble size
Gong et al. 2012, ApJ 745, 49G
Using 21 cm & [CII] Together
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TIME-Pilot Design
16 grating 
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(R~100,183-326 GHz)
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Title HereTIME-Pilot Moving Forward
Title HereTIME-Pilot Location
● Planned for JCMT, a 15 
meter sub-millimeter 
telescope on Mauna Kea 
in Hawaii 
● Time through ASIAA, 
which bought telescope 
through an East Asia 
Consortium
Title HereTIME-Pilot Location
● Planned for JCMT, a 15 
meter sub-millimeter 
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in Hawaii 
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Title HereTIME-Pilot Survey
● 11 x 0.35 arcminute instantaneous FOV (16 x 1 beams)
● Total survey 156 x 1 beams (1.0° x 0.35’)
● Line scan minimizes map area to minimize noise given fixed integration time
● Estimated 240 hours on the sky 153 Mpc
0.85 Mpc
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Figure from Lidz et al., 2009, Modified by Pritchard
Hubble
UDF1
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[CII] Line Tomography with TIME-Pilot Bock
Figure 3: LEFT: 3-D power spectra (in kP (k) units) of EoR [CII] and intermediate-z CO in the TIME-Pilot
band. Red, blue, and green curves mark [CII] power from the ‘Gong high,’ ‘SFR’, and ‘Silva simulation’
estimates, respectively, described in the text. The blue shaded region encompasses the theoretical uncertainty
in the SFR model, including the full range of empirical variation in L[CII]/LFIR. The tan-colored lines show
power in CO: the upper curve includes all the CO-emitting galaxies, the lower broken curves show the power
after masking to various depths (see Table 1). RIGHT : Power in cross correlation between the various CO
transitions and the 3-D positions of z = 0 − 2 galaxies provided by a rich survey like COSMOS. Note the
large amplitude diﬀerence between the two CO models.
and indicates more CO emission than the Obreschkow et al. (2009) model [57], and is therefore
more pessimistic in terms of the masking for [CII]. As Fig. 3 shows, even in this model, masking
to the intermediate depth of 3×10−22Wm−2 is suﬃcient to render the CO power sub-dominant
to the [CII] power. Per Table 1, this will require removal of ∼18% of the total survey volume.
Substantially less masking is required in the more conservative Obreschkow et al. model.
Expectations for TIME-Pilot in measuring CO fluctuations. The CO data are of interest in
their own right since they provide a measure of the spatial distribution and abundance of molecular
gas over a broad range of cosmic time, including the peak epoch of cosmic star formation at z ∼ 2.
Molecular gas is the fuel for star formation, a key ingredient in models of galaxy evolution, e.g.
cold-mode accretion models [58]. To date, most observations of molecular gas at high redshift
have been restricted to galaxies selected on the basis of high star-formation rates (e.g., SFR ≥ 100
M⊙ yr−1 at z = 0.2 − 1.0 [59] and SFR ≥ 30 M⊙ yr−1 at z = 1.0 − 2.5 [60]). A full census of the
molecular gas content over cosmic time requires an unbiased search for CO emission with suﬃcient
sensitivity to probe gas masses characteristic of the normal star-forming galaxy population.
Our TIME-Pilot dataset oﬀers several methods of measuring the CO emission properties of faint
sources. As Fig. 3 shows, we will cross-correlate maps of individual CO transitions with existing
galaxy catalogs and 21-cm tomography [23]. Well-studied large fields such as COSMOS contain
broad multi-wavelength coverage and redshift information, and these cross-correlations are readily
detectable. We will stack the TIME-Pilot spectra on subsamples of galaxies to measure the ag-
gregate gas properties of sources as a function of star formation rate, stellar mass, etc. A simple
stacking based only on star formation rate and redshift will yield 3− 5σ detections for SFR bins of
10− 30 or 30− 50 M⊙ yr−1, and narrow redshift bins centered on z = 0.5, 0.75, and 1.2.
2.5 The Kinetic Sunyaev-Zel’dovich Eﬀect.
In addition to the spectral-line tomography, TIME-Pilot is ideally suited measure the kSZ eﬀect
in individual galaxy clusters. The thermal SZ (tSZ) eﬀect has a null at 217 GHz, while the kinetic
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Title HereFirst Detections with TIME-Pilot
Minimal SFR
LC+/Lbol = 0.2 %
Gong et al. [CII] model
Residual CO
After Masking
Epoch of Reionization Science
• Detect [CII] clustering
• Detect [CII] Poisson fluctuations
• Discriminate between models
A first detection of [CII] fluctuations justifies full EOR mapping measurements
Ancillary Science
• CO clustering fluctuations
• Assess residual CO foreground
• Powerful kSZ instrument
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TIME: Tomographic Ionized-Carbon Mapping Experiment
[CII] Line Tomography with TIME-Pilot Bock
Circles: directly observed 
bright galaxy counts
in HST/CANDELS
TIME-Pilot 95% C.L.
detection region
Triangles:
Galaxy count slope
extrapolated 
to fainter galaxies
Figure 1: EoR luminosity
density and photon pro-
duction. The lower points
with error bars show existing
measurements with ground
and HST Lyman-dropout
surveys, in particular the
recent HST/CANDELS
measurements[30]. These
estimates only include the
bright galaxies and provide
a lower bound. By extrapo-
lating the faint-end slope of
the UV luminosity function
of detected galaxies, one can
obtain an estimate of the
total photon density, shown
by black triangles. The
three lines labeled with three
diﬀerent values of the ratio
C/fesc, the gas clumping
to escape-fraction ratio,
show the requirement on the
UV luminosity density for
reionization. Simulations
generally prefer the range of C/fesc = 10 to 30 [31]. The blue shaded region shows the neutral epoch of
the universe, consistent with existing bounds on the CMB optical depth from WMAP[32]. The red region
shows the redshift and UV luminosity density region where TIME-Pilot with the default survey (Table 2) is
predicted to make a S/N ≃ 10 measurement of the [CII] linear clustering amplitude.
spectral lines in the aggregate spectra of star-forming galaxies, accounting for 0.1% to 1% of the
total IR luminosity [39, 40], and has been detected in high-redshift galaxies [41–44].
With the advent of ALMA, [CII] is now being studied (and discovered serendipitously) in z > 4
galaxies [45–47] (see also earlier work by e.g. [48]). We highlight a recent survey of ten z∼5–6
Lyman-break galaxies (LBGs) in the continuum and [CII] with ALMA (Capak et al., in press).
[CII] is robustly detected in all 10, even though the continuum is only detected in 4 of the 10.
The authors find that the dust is depleted relative to that expected from the UV spectral slopes
calibrated at lower redshift, but as Fig. 2 shows, the [CII] to far-IR bolometric ratio is as high
or higher than that in local galaxies (∼0.1-1% below L∼1012 L⊙, dropping at higher luminosities
as the ISM density increases). They find that [CII] serves as an excellent total star-formation-rate
(SFR) tracer, when both UV and far-IR luminosities are included in estimating the SFR.
Spectral intensity mapping has also been proposed using redshifted carbon monoxide (CO) [24–
27]. This may be fruitful, but we emphasize that [CII] is typically 4000 times more luminous than
CO J=1→0 in local galaxies. The ratio will likely be even higher for the EoR systems since they
are believed to resemble the local low-metalicity dwarf galaxies, for which [CII] is enhanced with
respect to both total far-IR emission and CO emission [49, 50] (see Figure 2, left).
Expectations for TIME-Pilot in measuring [CII] fluctuations. We have studied the
prospects for detecting large-scale linear [CII] clustering with a wide-band imaging spectrometer
[51, 25, 26, 22]. We first computed the expected EoR [CII] intensity as a function of redshift and
found a reasonable agreement when using three diﬀerent approaches, shown in Figure 3. First, the
‘High’ Gong et al. (2012) case is based on a first-principles gas physics excitation analysis, painted
onto semi-analytical galaxy formation models [22]. Next, the ‘SFR’ case assumes an estimated
high-z star formation rate and a fixed [CII] to bolometeric emission ratio of 2 × 10−3 [52], and
partitions this mean intensity into a galaxy luminosity function which incorporates models for
large-scale structure (see [22]). Third, the ‘Simulation’ Silva et al. (2014) case applies a [CII] to
3
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Summary
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For an extensive review of dusty, star 
forming galaxies see 
Casey, Narayanan & Cooray (2014) 
Physics Reports in press 1402.1456
Extensive followup programs, currently on bright 
lensed and rare SMGs, are providing a detailed 
view of high-z star-formation, the relative 
distribution of gas, dust, and stars.A Strongly Lensed SMG at z∼ 3 7
FIG. 2.— Lens modeling results. Major tickmarks are spaced at intervals of 1′′. To ease comparisons, a cross is drawn at the center of each panel. a: Keck K
image after subtracting G1 and G2. b: Best-fit K model convolved with the K-band PSF. Critical curves are in red and caustics are in blue. The box delineates
the region covered by the source images (i.e., e, j, and o). c: K model convolved with the SMA beam. It is clearly different from the SMA and EVLA images
( f & k), indicating differential magnification. d: K residual. e: Modeled intrinsic source morphology (i.e., without PSF; grey scale) vs. a direct inversion of the
observed image (red contours). For comparison, the 880 µm (purple) and CO(1→0) (green) sources are shown as color-filled ellipses. f : SMA 880 µm image.
The grey ellipse shows the beam. Here and in i, contours are drawn at −2,−1,+1,+2, and +4σ, where σ is the r.m.s. noise (3 mJy beam−1). g: 880 µm model. h:
Model convolved with the SMA beam. i: 880 µm residual. j: 880 µm source. The purple circle shows the FWHM of the source. k: EVLA CO(1→0) image.
Here and in n, contours are drawn at −1,+1,+2,+4, and +8σ, where σ is the r.m.s. noise (27 µJy beam−1). l: CO model. m: Model convolved with the EVLA
beam. n: CO residual. o: CO source. The green ellipse shows the FWHMs of the source.
3.4. CO(1→0) Source
We use the same technique to model the EVLA CO(1→0)
map as in § 3.3. The lensed images are better resolved in the
EVLA image than in the SMA image, so we use an elliptical
Gaussian instead of a circular Gaussian for the source profile.
The model has a total of six free parameters (x,y, FWHM, q,
PA, and flux density). Again, we can constrain the astrometric
offset between EVLA and Keck through lens modeling. Fig-
ure 3b shows the minimum χ2 values at each offset position
relative to the K image. To deal with the correlated noise, we
scale the χ2 values from the residual map by the product of
the FWHMs of the major and minor axes of the beam. The
global best-fit, with reduced χ2 of unity, is reached when we
shift the EVLA image 0.′′2 E of the K image. The bottom
panels of Fig. 2 show the best-fit model. We estimate a CO
magnification of µCO = 6.9± 1.6. Similar to the SMA image,
we find a source-plane separation of 4.7±1.6 kpc between the
cold molecular gas and the stellar emission (i.e., the central K
clump). The CO(1→0) is emitted from a more extended re-
gion than the dust, but the two spatially overlap (Fig. 2e). The
CO source has FWHM = 0.′′9±0.′′3 = 6.8±2.3 kpc along the
major axis, with an axis ratio of 0.8+0.2−0.6.The molecular gas disk is massive. The velocity-area-
integrated CO brightness temperature of L′CO = [6.4± 1.0]×
1011 K km s−1 pc2 indicates a molecular gas reservoir
of Mgas = [7.4 ± 2.1] × 1011 M⊙ after lensing correction,
assuming a conversion factor of αCO = Mgas/L′CO = 0.8
M⊙ (K km s−1 pc2)−1, which is commonly assumed for star-
burst environments (Solomon & Vanden Bout 2005). Note,
however, that αCO is uncertain by a factor of a few.
The CO magnification factor determined from the lens
model (6.9±1.6) is in excellent agreementwith that estimated
from the CO luminosity−FWHM correlation. The observed
L′CO and line width indicates a magnification factor of 7± 2,based on its deviation from the correlation established by un-
lensed SMGs (Harris et al. 2012, Bothwell et al. in prep).
This agreement demonstrates that strongly lensed SMGs may
be effectively selected with CO spectroscopy in the future.
4. SPECTRAL ENERGY DISTRIBUTIONS
Useful physical parameters are encoded in the SEDs. The
optical-to-NIR SED of HATLAS12−00 is dominated by the
foreground galaxies G1 and G2, fromwhich we can derive the
photometric redshift and the stellar population of the lensing
galaxies. The far-IR and submillimeter regime is dominated
by the lensed SMG, as evident in the SMA image, so the data
can tell us the dust and star formation properties of the SMG.
4.1. Lensing Galaxies
Adopting the photometric redshift of 1.06, we model the
nine-band photometry (u, g, r, i, z, Y , J, H, and K)
Dusty, starbursts are not limited to z~2
(Riechers et al 13 Nature; 
also results from SPT team)
!!!!!!!
!
TIME-Pilot making progress. Awaiting NSF
funds for instrument completion by the
end of 2016. 2017 observations start.
